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(57) ABSTRACT

A photomask includes a translucent substrate; and a light-
shielding film formed on the translucent substrate, and
including a light-shielding portion and an opening which
serves as a translucent region. A plurality of recesses are
formed in a region of the translucent substrate, which is
exposed from the opening. Widths of the plurality of recesses
gradually increase with an increase in distances from a focal
point so that light transmitted by the plurality of recesses is
focused in a predetermined position.

25 Claims, 23 Drawing Sheets

101
Ve

104a

104

102a
102

104a

!
102b,

104

101
Ve

104a



US 9,046,783 B2

Sheet 1 of 23

Jun. 2, 2015

U.S. Patent

FIG.1A

107

S

o e e [P E RO )
[ ~ '
T “a .
— B B 2 2 e e ————— ———r
L o b s o e e 0 e i a m m 3
T '
. .
i ]
e e e e ! +
B s et e - RIS repmp—_
h ]
e o 2 e e e 1
' 1
] '
o m—— ————— e —————— —m———— ————— ey
e 28 2 o 2 2 '
' [
i t
§ 3
i '
e — '
—— 1 H
' '
v '
m——— e s = o o s 0 e 3
e et et e o k2 i e s
' t
i '
e e B 2 o H
' '
o o e o e e o o H
b e o e e e = o ——————— !
phroty —— - +
P ] - s
o 7= e R o o e '
f - I e e e ——— e
e T H
+ Y '
Ao e e s e S A 7 e | ¢

102b,

J02a

102

FIG.1B



US 9,046,783 B2

U.S. Patent Jun. 2, 2015 Sheet 2 of 23
FIG.2
\[1 01
//// //// //// //// //// //// ////

—~—104

—~—105




U.S. Patent Jun. 2, 2015 Sheet 3 of 23 US 9,046,783 B2

FIG.3A
LIGHT
l | l l lf””
—~—104
—104a
—~—102

FIG.3B

[~—108




U.S. Patent Jun. 2, 2015 Sheet 4 of 23 US 9,046,783 B2

FIG.4




U.S. Patent Jun. 2, 2015 Sheet 5 of 23 US 9,046,783 B2

FIG.OA \/106

115
113

114

106
114

k\

REFRACTIVE
INDEX LOW

—> i b 116
' REFRACTIVE:
[ INDEX HIGH ¢

—> | REFRACTIVE
INDEX LOW




US 9,046,783 B2

Sheet 6 of 23

Jun. 2, 2015

U.S. Patent

\

e

2el
It

eu

%2_

¢/(0U+ |U)=Bu:Y3aN JAILOVHIRY

IVIH3LVIA
JAILOVHATH MO

TOTAL VOLUME INCLUDING SPACGES IS

THE SAME

99 OI4

61141 ] _

\Aa_

SYIAVT INH04 OL SISSYID
NI3IM1LIG dISOdHILNI FHV SFOVdS

g9 9l4

//\\_/N
~—

TOTAL THICKNESS OF GLASS IS HALF

h:H

jussy1o| |

\A (1=)ou: dIv

8Ll

V9 OId



U.S. Patent Jun. 2, 2015 Sheet 7 of 23 US 9,046,783 B2

FIG.7A /1 06A
120A
120B
120G 104A
104B
104G
104D
FIG.7B
106A
;
1200-—”1 e rd P4
120B———¢ .

——— 116

108A—24 7 /7 /.

104B——207 7 7 ]

104C—1 .
> | i




U.S. Patent Jun. 2, 2015 Sheet 8 of 23 US 9,046,783 B2

116
§

(T8
©
o O
S
S O
—

104a
\

FIG.8
I
Vd
Ve
V4
7
V4
Vg
7
V4
Vd
/
Ve
Ve




U.S. Patent Jun. 2, 2015 Sheet 9 of 23 US 9,046,783 B2

FIG.9




US 9,046,783 B2

Sheet 10 of 23

Jun. 2, 2015

U.S. Patent

Y660 Y8801 6
Y280 Y G6°6 8
Y890 Y ¥0°6 L
Y G50 YII'8 9
Y¥¥°0 Y8/ g
YEEO0 Y S2'9 4
Y G20 Y 2E'G &
YIL'0 Y 9EPY 9
YILO YOv'€ |
SS303Y 40 HLAIM  [EBXI-BXI INIT INOY4 FONVLSIC d39NNN
01 9Ol4




US 9,046,783 B2

Sheet 11 of 23

Jun. 2, 2015

U.S. Patent

ASVAOLOHd
40 30V4HNS

(W)

11111 a1100

1HOIT

ASVYAOLOHd
40 30V4dNS

(W)

FTIT 1o

1HOMN



U.S. Patent

Jun. 2, 2015 Sheet 12 of 23

FIG.12

LIGHT INTENSITY

1.6
1.4
1.2 ¢

0.8
0.6 |
0.4
0.2

US 9,046,783 B2

1.8

B

[T\

N

T [T

S 10 1
POSITION ( 4 m)

S 20



U.S. Patent Jun. 2, 2015 Sheet 13 of 23 US 9,046,783 B2

FIG.13

104

-------------------------------------

1 1 ) 1

]
Voo Ll
Vo

1 | ) '
[ S T A G

|||||

|
........
1 1 '

J02a 102b,
102




US 9,046,783 B2

U.S. Patent Jun. 2, 2015 Sheet 14 of 23
FIG.14
1 (i4
LO/2
<>
+—140 b
LO
)

i

>141




U.S. Patent Jun. 2, 2015 Sheet 15 of 23 US 9,046,783 B2

FIG.15

124—==""~ ~.

I B ~-104a

J02a 102b,




U.S. Patent Jun. 2, 2015 Sheet 16 of 23 US 9,046,783 B2

FIG.16A

~—102b

104 104a 124

FIG.16B

—~—108A




U.S. Patent Jun. 2, 2015 Sheet 17 of 23 US 9,046,783 B2

FIG.17A

1022 1026 ol

104a
| ~{—102b
104 o7
FIG.17B .
108B
/
4z )




U.S. Patent Jun. 2, 2015 Sheet 18 of 23 US 9,046,783 B2

FIG.18A 128
104E 104F /

]
102a

FIG.18B 128
1?43 10}45 10}4F Ve




U.S. Patent Jun. 2, 2015 Sheet 19 of 23 US 9,046,783 B2

FIG.19A

10da—LL

116

FIG.19B
108C




U.S. Patent Jun. 2, 2015 Sheet 20 of 23 US 9,046,783 B2

FIG.20A
104 qq4y  104F /20

------------------------

________________________

..................

L AT 1 107
1042 124 124 :Bz
FIG.20B

108D




U.S. Patent Jun. 2, 2015 Sheet 21 of 23 US 9,046,783 B2

FIG.21A

—~—130
—~—129

FIG.21B

777777774131
—~—130

—~—129

FIG.21C Lot 104

104a—44

102b

131a
777 7NN\ 7 777131
—~—130

—~—129

FIG.21D 131b

'//Af?}///4NA
—~—130

—~—129




U.S. Patent Jun. 2, 2015 Sheet 22 of 23 US 9,046,783 B2

FIG.22A

\_.-'-V/')
1022 102b

s

102

FIG.22B \/133

ROTATIONAL
DIRECTION

MOVING DIRECTION



U.S. Patent Jun. 2, 2015 Sheet 23 of 23 US 9,046,783 B2

FIG.23 .
PRIOR ART

203a
205
FIG.24A
PRIOR ART
238a
...... N —~—208
T T 203
/// /// 7 /// /// /// —\“207
[
209
FIG.24B LIGHT
PRIOR ART
//// //// //// V/ //// //// —\—‘207
i 7 vﬁ/ /7 /7 }203
(\N K —~—208
209 |l 208a



US 9,046,783 B2

1

PHOTOMASK, AND PATTERN FORMATION
METHOD AND EXPOSURE APPARATUS
USING THE PHOTOMASK

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a continuation of International Application No.
PCT/IP2012/006929 filed on Oct. 29, 2012, which claims
priority to Japanese Patent Application No. 2012-070705
filed on Mar. 27, 2012. The entire disclosures of these appli-
cations are incorporated by reference herein.

BACKGROUND

The present disclosure particularly relates to photomasks
used for proximity exposure, and pattern formation methods
and exposure apparatuses using the photomasks.

In microfabrication of semiconductor integrated circuits,
MEMS processing, and surface processing of flat panels such
as liquid crystal panels, lithography is used, in which pattern
exposure is performed on a photosensitive resin layer formed
ona substrate to be processed, and the exposed photosensitive
resin layer is developed to form a desired pattern. In lithog-
raphy, an object is generally irradiated with light via a pho-
tomask with a pattern. At this time, in order to reduce dam-
ages caused by close contact between a photomask and abody
to be exposed, exposure is performed with the photomask
spaced apart from the body to be exposed, i.e., proximity
exposure is often performed.

However, in this case with the space, even if a pattern in a
size about several times the wavelength is formed on a mask
to form a fine pattern in a size about several times the expo-
sure wavelength, a pattern in a desired size cannot be formed
on a substrate due to the Fresnel diffraction etc.

For example, as shown in FIG. 23, in exposure using an
exposure photomask 203 including a light-shielding film 202
formed on a transparent substrate 201, exposure light 204
transmitted by the photomask 203 is diffracted, thereby blur-
ring a pattern. Even in projection exposure, in which a lens is
provided between the photomask 203 and a substrate 205 to
be processed, an opening 203« in a size about several times
the wavelength of the photomask 203 does not transmit suf-
ficient light in same-size projection exposure. Therefore, a
fine pattern is difficult to form.

In recent years, reduced projection exposure has been sug-
gested, in which a reducing lens is provided as the projection
lens between the photomask 203 and the substrate 205, and a
mask in a size four or five times the size after processing is
used to increase the size of a pattern on the mask, thereby
forming a fine pattern. However, in the reduced projection
exposure, the entire exposure area is reduced to make pro-
cessing of a large-area substrate difficult. In addition, the
reduced projection exposure requires a plurality of high-pre-
cision lens for reduction, thereby increasing the costs for an
apparatus for exposure.

In same-size projection exposure using proximity expo-
sure or projection exposure, a method of forming a pattern in
a desired size by increasing the intensity of light transmitted
by a minute opening in a size about several times the wave-
length.

Formation of a pattern, which is smaller than a limit for
exposure by lithography using a photomask 203, will be
described below with reference to FIGS. 24A and 24B. (See,
for example, Japanese Patent Publication No. S57-054939)

First, as shown in FIG. 24 A, the photomask 203 includes a
glass substrate 207, and a light-shielding film 208 formed on
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the glass substrate 207 and having an opening 2084, which is
a fine pattern portion. The photomask 203 includes a high
refractive region 209, which has a higher refractive index than
the glass substrate 207, in and near the region of the glass
substrate 207, which is exposed from the opening 208a.
Where the glass substrate 207 is made of, for example, silicon
oxide, the refractive index is 1.5. When, for example, titanium
(Ti) is added to the high refractive region 209, the refractive
index becomes 1.8. The light-shielding film 208 is a vapor
deposited film made of, for example, chrome (Cr).

As clear from FIG. 24B, the high refractive region 209
serves as a convex lens in the opening 2084, which is a light
path of exposure light when being transmitted by the photo-
mask 203. This collects the light passing through the region
around the opening 208a so that the intensity of light trans-
mitted by the fine pattern portion 208a becomes higher than
the intensity of light passing through the normal mask por-
tion. As a result, a fine pattern is formed.

Japanese Patent Publication No. S57-054939 shows that
the high refractive region 209 is formed by ion implantation
etc. to implant highly polarizable ions into and around the
opening 208a of the light-shielding film 208 on the glass
substrate 207.

SUMMARY

However, in order to sufficiently collect exposure light
using a photomask, the refractive index needs to continuously
change in and around an opening not only to simply increase
the refractive index in the entire opening of the photomask,
but also to provide a gradient index lens.

In the conventional photomask, it is extremely difficult to
form the region doped with the highly polarizable ions in and
around the opening so as to increase the refractive index of the
glass substrate, and to continuously change the refractive
index around the single opening to obtain the function of a
gradient index lens. Therefore, the conventional technique
cannot collect sufficient light in a desired focal point.

In view of the problem, it is an objective of the present
disclosure to collect sufficient light transmitted by an opening
to form a fine pattern.

In order to achieve the objective, the present disclosure
provides a photomask, in which a plurality of recesses are
formed in a region exposed from an opening, so that light is
focused in a desired position.

Specifically, a photomask according to a first aspect of the
present disclosure includes a translucent substrate; and a
light-shielding film formed on the substrate, and including a
light-shielding portion and an opening which serves as a
translucent region. A plurality of recesses are formed in a
region of the substrate, which is exposed from the opening.
Widths of the plurality of recesses gradually increase with an
increase in distances from a focal point so that light transmit-
ted by the plurality of recesses is focused in a predetermined
position.

Inthe photomask according to the first aspect, the widths of
the plurality of recesses gradually increase with an increase in
the distances from the focal point so that the light transmitted
by the plurality of recesses is focused in the predetermined
position. In the opening provided in the light-shielding film,
the light transmitted by the plurality of recesses is refracted
toward a non-recessed portion adjacent to the recesses at the
inner side of the recesses. This configuration efficiently col-
lects the light toward the center of the opening.

In the photomask according to the first aspect, the plurality
of recesses are preferably linearly patterned along two facing
sides of the opening A first recess of an adjacent pair of the
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recesses, which is closer to a boundary between the light-
shielding portion and the opening preferably has a greater
width than a second recess, which is farther from the bound-
ary.

With this configuration, the light transmitted by the periph-
ery of the opening is refracted more greatly than the light
transmitted by the inner side of the opening, thereby reliably
collecting the light toward the center of the opening.

In this case, the width of the second recess may be 0.9 times
or less the width of the first recess. This configuration reliably
changes the direction of the refracted light.

In this case, the width of the first recess may be twice or less
an exposure wavelength. This configuration enables adjust-
ment of the angle of the refracted light.

In this case, the width of the second recess may be smaller
than or equal to an exposure wavelength. This configuration
enables more precise adjustment of the angle of the refracted
light.

In this case, the width of the first recess and the width of the
second recess may be smaller than or equal to an exposure
wavelength. This configuration facilitates pattern design
capable of adjusting the angle of the refracted light.

In this case, a distance between the first and the second
recesses may be smaller than or equal to an exposure wave-
length. This configuration precisely collects light in a desired
focal point.

In this case, a sum of a distance between the first and the
second recesses and the width of the second recess may be
smaller than or equal to an exposure wavelength. This con-
figuration facilitates pattern design capable of precisely col-
lecting light in a desired focal point.

In this case, a distance between the first recess and the
boundary may be smaller than or equal to an exposure wave-
length. This configuration effectively collects the light trans-
mitted by the opening.

In this case, the first recess may be in contact with the
boundary. This configuration collects almost all the light
transmitted by the opening.

In the photomask according to the first aspect, a first recess
of the plurality of recesses may be linearly patterned along
two facing sides of the opening. Each of second recesses of
the plurality of recesses may be formed of a group of patterns,
each of which has an area of AxA or less, where A is an
exposure wavelength. The first recess may be located closer
to a boundary between the light-shielding portion and the
opening. The second recesses may be located farther from the
boundary with the first recess interposed therebetween.

With this configuration, the light transmitted by the periph-
ery of the opening is refracted more greatly than the light
transmitted by the inner side of the opening, thereby reliably
collecting the light toward the center of the opening.

In this case, a distance between each adjacent pair of the
second recesses may be smaller than or equal to an exposure
wavelength. This configuration facilitates the formation of
the recesses capable of precisely adjusting the angle of the
refracted light.

In this case, a distance between each adjacent pair of the
first and second recesses may be smaller than or equal to an
exposure wavelength. This configuration facilitates pattern
design capable of adjusting the angle of the refracted light.

In this case, a distance between the first recess and the
boundary may be smaller than or equal to an exposure wave-
length. This configuration effectively collects the light trans-
mitted by the opening.

In the photomask according to the first aspect, each of the
plurality of recesses may be formed of a group of patterns,
each of which has an area of AxA or less, where A is an
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exposure wavelength. A firstrecess of the plurality of recesses
may have a greater total area than a second recess of the
plurality of recesses. The first recess may be located closer to
a boundary between the light-shielding portion and the open-
ing. The second recess may be located farther from the bound-
ary with the first recess interposed therebetween.

With this configuration, the light transmitted by the periph-
ery of the opening is refracted more greatly than the light
transmitted by the inner side of the opening, thereby reliably
collecting the light toward the center of the opening.

In this case, a distance between each adjacent pair of the
first and second recesses may be smaller than or equal to an
exposure wavelength. This facilitates the formation of the
recesses capable of precisely adjusting the angle of the
refracted light.

A photomask according to a second aspect of the present
disclosure includes a translucent substrate; and a light-shield-
ing film formed on the substrate, and including a light-shield-
ing portion and an opening which serves as a translucent
region. A plurality of recesses are formed in a region of the
substrate, which is exposed from the opening. Widths of first
recesses of the plurality of recesses gradually increase with an
increase in distances from a first focal point so that light
transmitted by the first recesses is focused in a predetermined
position. Widths of second recesses of the plurality of
recesses gradually increase with an increase in distances from
a second focal point, which is different from the first focal
point, so that light transmitted by the second recesses is
focused in another predetermined position.

In the photomask according to the second aspect, the
widths of first recesses of the plurality of recesses gradually
increase with an increase in the distances from the first focal
point so that the light transmitted by the first recesses is
focused in the predetermined position. The widths of second
recesses of the plurality of recesses gradually increase with an
increase in the distances from the second focal point, which is
different from the first focal point, so that the light transmitted
by the second recesses is focused in the other predetermined
position. Thus, in the opening provided in the light-shielding
film, the light transmitted by the first recesses is refracted
toward the non-recessed portion adjacent to the first recesses
at the inner side of the first recesses. Also, the light transmit-
ted by the second recesses is refracted toward the non-re-
cessed portion adjacent to the second recesses at the inner side
of'the second recesses. This configuration efficiently collects
the light toward the first and second focal points.

In the photomask according to the second aspect, the plu-
rality of recesses are preferably linearly patterned along two
facing sides of the opening. One of an adjacent pair of the first
recesses, which is closer to a boundary between the light-
shielding portion and the opening, preferably has a greater
width than the other one, which is farther from the boundary.
One of an adjacent pair of the second recesses, which is closer
to the boundary, preferably has a greater width than the other
one, which is farther from the boundary.

With this configuration, the light transmitted by the periph-
ery of the opening is refracted more greatly than the light
transmitted by the inner side of the opening, thereby reliably
collecting the light toward the two focal points.

In the photomask according to the second aspect, each of
the plurality of recesses is preferably formed of a group of
patterns, each of which has an area of AxA or less, where A is
an exposure wavelength. One of an adjacent pair of the first
recesses, which is closer to a boundary between the light-
shielding portion and the opening, preferably has a greater
total area than the other one, which is farther from the bound-
ary. One of an adjacent pair of the second recesses, which is
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closer to the boundary, has a greater total area than the other
one, which is farther from the boundary.

With this configuration, the light transmitted by a position
apart from a desired pattern can be largely refracted, thereby
uniformly collecting the light toward the center of the open-
ing.

In the photomask according to the first or second aspect, a
depth of the recesses may be greater than half an exposure
wavelength. This configuration reliably refracts light trans-
mitted by the recesses.

A pattern formation method according to the present dis-
closure uses the photomask of the first or second aspect. The
method includes forming a resist film on a substrate to be
exposed to light; irradiating the resist film with exposure light
via the photomask; and forming a resist pattern by developing
the resist film irradiated with the exposure light.

In the pattern formation method according to the present
disclosure, the photomask according to the present disclosure
is used in the exposure to collect the light transmitted by the
photomask, thereby forming a fine pattern.

An exposure apparatus according to the present disclosure
uses the photomask of the first or second aspect. The photo-
mask is a cylindrical mask substrate, in which a hollow hav-
ing a light source of exposure light inside is provided. The
apparatus includes a rotation mechanism configured to rotate
the photomask; and a transfer mechanism configured to trans-
fer a substrate to be exposed to light relative to the photomask.
The substrate to be exposed to light is exposed, while the
rotation mechanism rotates the photomask, and the transfer
mechanism transfers the substrate to be exposed to light.

In the exposure apparatus according to the present disclo-
sure, light is collected at a predetermined distance apart from
the cylindrical photomask, thereby forming a fine patternin a
large area.

In the photomask according to the present disclosure, and
the pattern formation method and the exposure apparatus
using the photomask, light transmitted by the opening of the
photomask is sufficiently collected, thereby forming a fine
pattern.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B illustrate an example photomask accord-
ing to a first embodiment. FIG. 1A is a bottom view. FIG. 1B
is a cross-sectional view taken along the line Ib-Ib of FIG. 1A.

FIG. 2 is a cross-sectional view of an example photomask
according to a first variation of the first embodiment.

FIG. 3A is a cross-sectional view illustrating collection of
exposure light using the photomask according to the first
embodiment. FIG. 3B is a top view of a pattern formed by
using the photomask according to the first embodiment.

FIG. 4 is a schematic cross-sectional view illustrating a
path of light when being transmitted by a gradient index
transparent body.

FIG. 5A is a schematic top view of a gradient index lens.
FIG. 5B is a schematic cross-sectional view illustrating light
refraction in the gradient index lens.

FIGS. 6A-6C illustrate substantial refractive indexes of a
glass including air layers.

FIG. 7A and FIG. 7B illustrate a gradient index lens utiliz-
ing the thicknesses of glass layers and air layers. FIG. 7Ais a
top view. FIG. 7B is a cross-sectional view.

FIG. 8 is a schematic cross-sectional view illustrating for-
mation ofa gradient index lens by forming spaces of air layers
in a surface of a glass.

FIG. 9 is a bottom view of an example photomask accord-
ing to an experiment.
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FIG. 10 is a table illustrating example data of recesses
provided in the photomask according to the experiment.

FIG. 11 A illustrates a simulation result showing the inten-
sity distribution of light transmitted by the photomask
according to the experiment. FIG. 11B illustrates a simulation
result showing the intensity distribution of light transmitted
by the photomask according to a comparison example.

FIG. 12 is a graph illustrating light intensity profiles of the
photomask according to the experiment and the comparison
example.

FIG. 13 is abottom view of an example photomask accord-
ing to a second variation of the first embodiment.

FIG. 14 is a top view illustrating the relationship between
a recess pattern formed of a group of patterns and a linear
recess pattern.

FIG. 15 is abottom view of an example photomask accord-
ing to a third variation of the first embodiment.

FIG. 16A is a bottom view of an example photomask
according to a fourth variation of the first embodiment. FIG.
168 is atop view of a pattern formed by using the photomask
according to the fourth variation.

FIG. 17A is a bottom view of an example photomask
according to a fifth variation of the first embodiment. FIG.
178 is atop view of a pattern formed by using the photomask
according to the fifth variation.

FIGS. 18A and 18B illustrate an example photomask
according to a second embodiment. FIG. 18A is a bottom
view. FIG. 18B is a cross-sectional view taken along the line
XVIIb-XVIIIb of FIG. 18A.

FIG. 19A is a cross-sectional view illustrating collection of
exposure light using the photomask according to the second
embodiment. FIG. 19B is a top view of a pattern formed by
using the photomask according to the second embodiment.

FIG. 20A is a bottom view of an example photomask
according to a variation of the second embodiment. FIG. 20B
is a top view of a pattern formed by using the photomask
according to the variation.

FIGS. 21A-21D are cross-sectional views illustrating the
steps of a pattern formation method according to a third
embodiment in order of steps.

FIG. 22A is a schematic perspective view of an exposure
apparatus using a roller-shaped photomask according to a
fourth embodiment. FIG. 22B is a schematic side view of the
exposure apparatus using the roller-shaped photomask
according to the fourth embodiment.

FIG. 23 is a schematic cross-sectional view illustrating
problems in conventional proximity exposure or same-size
projection exposure.

FIG. 24A is a cross-sectional view of a photomask includ-
ing a high refractive region in part of a conventional glass
substrate. FIG. 24B is a cross-sectional view illustrating prox-
imity exposure or same-size projection exposure using the
photomask including the high refractive region in part of the
conventional glass substrate.

DETAILED DESCRIPTION

First Embodiment

A photomask according to a first embodiment will be
described below with reference to the drawings.

As shown in FIGS. 1A and 1B, a photomask 101 according
to the first embodiment includes a translucent substrate 104
made of, for example, glass, and a light-shielding film 102,
which is formed under the translucent substrate 104, and
includes a light-shielding portion 102a and an opening 1025
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serving as a translucent region. The light-shielding film 102
may be, for example, a vapor deposited film made of chrome
(Cr).

One of the features of the photomask 101 according to the
first embodiment is that a plurality of linear recesses 104a
with different widths are provided in a region of the glass 104
which is exposed from the opening 1026. These recesses
104a are provided in parallel with a frame 107, which is a
boundary between the light-shielding portion 102a and the
opening 1025 in the opening 1025. The widths of the recesses
104a gradually decrease from the frame 107 to the center of
the opening 1025.

As long as not particularly mentioned, the translucent sub-
strate 104 is regarded as a glass 104. However, the translucent
substrate 104 is not limited to a glass.

First Variation of First Embodiment

FIG. 2 illustrates the cross-section of a photomask 101
according to a first variation of the first embodiment. As
shown in FIG. 2, a high refractive film 105 made of a high
refractive material is interposed between a glass 104 and a
light-shielding film 102. As shown in FIG. 2, in the photo-
mask 101 according to the first variation, a plurality of
recesses 105a are provided in the high refractive film 105. As
such, the present disclosure is also applicable to the configu-
ration in which the high refractive film 105 is interposed
between the glass 104 and the light-shielding film 102.

In this variation, the glass 104 and the high refractive film
105 are in combination referred to a translucent substrate 104.

FIGS. 3A and 3B illustrate light refraction when the pho-
tomask 101 is irradiated with light from the upper surface
(i.e., the back surface).

As long as not particularly mentioned, the description
assumes exposure light, which is called i-ray with a wave-
length of 365 nm in a high-pressure mercury lamp, and is
most commonly used as light in lithography. However, the
principles of light refraction, which will be described below,
are not limited to the i-ray, and are also applicable to, for
example, a g-ray with a wavelength of 436 nm in a high-
pressure mercury lamp, a KrF excimer laser beam with a
wavelength of 256 nm, an ArF excimer laser beam with a
wavelength of 193 nm, or light with a wavelength of 193 nm
or less.

As shown in FIG. 3A, parallel light used to irradiate the
photomask 101 from the back surface to the front surface is
transmitted by the inside of the glass 104, while keeping the
parallel state. However, in the photomask 101, when the light
is transmitted by the plurality of recesses 104a, the light is
refracted from the recesses 104a with greater widths to the
recesses 104a with smaller widths, thereby changing the
direction of the light.

As a result, the light transmitted by the opening 102a is
collected around the center of the linear opening 1025 at a
predetermined distance apart from the back surface of the
photomask 101. Thus, when exposure is performed via the
photomask 101, a linear pattern 108 with a width of 1 um or
less is clearly formed below the center of the opening 1024 of
the photomask 101, even in a position about tens of um apart
from the front surface of the photomask 101, as shown in FIG.
3B.

A reason for the phenomenon will be described below.
Before specifically describing the behavior of light transmit-
ted by the photomask 101, the behavior of conventional light
will be described.

FIG. 4 illustrates the behavior of light transmitted by a
gradient index transparent body 109, in which the refractive
index differs from position to position. In the transparent
body 109 of FIG. 4, the refractive index is distributed in the
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direction perpendicular to the incident direction of the light.
Specifically, the transparent body 109 is made of a material in
which the refractive index gradually increases from a right
end P2 to a left end P1. When the light indicated by a first light
path 110 is incident on the transparent body 109, the direction
of the light bends in the transparent body 109 from the low
refractive side to the high refractive side, i.e., from the P2 to
the P1, as indicated by a second light path 111. This phenom-
enon is well known. Then, the light transmitted by the trans-
parent body 109 goes straight to a new direction as indicated
by a third light path 112.

FIGS. 5A and 5B illustrate a gradient index lens utilizing
the behavior of light bending its path from a low refractive
region to high refractive region of a substance as described
above. FIG. 5A is a plan view of a gradient index lens 106 as
viewed from the incident direction of the light. As shown in
FIG. 5A, the refractive index gradually increases toward a
center 113 in the gradient index lens 106 in a circular planer
shape. That is, the gradient index lens 106 has the lowest
refractive index in a peripheral portion 114. FIG. 5B is a
cross-sectional view of the gradient index lens 106. As shown
in FIG. 5B, the gradient index lens 106 has a flat plate-like
shape along the direction of light. The light transmitted by the
peripheral portion 114 of the lens is refracted toward the
center so that the lens serves the function of collecting light.
At this time, in a disk-shaped lens as viewed from above,
where the refractive index in the center of the circle is NC, the
refractive index in a position 115 at a distance of a radius r
apart from the center of the circle is n(r), and the thickness of
the lens in the direction of the light is d, the refractive index is
changed in the direction of the radius r to satisfy the following
equation (1). Then, the light transmitted by the lens has a focal
point 116 at a distance off apart from the lens.

n(r)=NC-rxr/2/fld (€8]

The photomask 101 according to this embodiment utilizes
the principles of the gradient index lens 106 to collect light
transmitted by the opening 1025 of the photomask 101. In the
gradient index lens 106, for example, the glass 104 is melted
to control inside ion distribution, thereby forming distribution
of' the refractive index inside the glass 104.

By contrast, the present inventors have found how to form
substantial refractive index distribution inside the glass 104
by providing in the glass 104, the recesses 104a in sizes of
about the exposure wavelength.

First, the principles of changing the substantial refractive
index of a glass by forming recesses in the glass will be
described with reference to FIGS. 6 A-6C.

A first transparent body 117 shown in FIG. 6A is a glass
104 with a thickness of TT and a refractive index ofnl. A first
light path 118 represents the refraction of light incident on the
first transparent body 117.

A second transparent body 119 shown in FIG. 6B includes
thin glass layers 104 having the same composition as the first
transparent body 117. Spaces are formed by interposing an air
layer 120 with the same thickness as the glass layer 104
between each pair of the glass layers. The total thickness of
the glass layers 104 and the air layers 120 is TT, which is the
same thickness as the first transparent body 117. A second
light path 121 represents the refraction of light incident on the
second transparent body 119.

A third transparent body 122 shown in FIG. 6C is made of
a transparent material with a thickness of TT and a refractive
index represented by the equation, na=(n1+n0)/2. The refer-
ence character n0 is the refractive index of the air layers 120.
A third light path 123 represents the refraction of light inci-
dent on the third transparent body 122.
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Under these conditions, the paths of the light incident on
the second transparent body 119 and the third transparent
body 122 after being transmitted by the transparent bodies are
identical as viewed from the outside. That is, as viewed from
the outside, the second transparent body 119 and the third
transparent body 122 behave as if they have the same refrac-
tive index of light. Indeed, the incident light does not sud-
denly bend, but changes its direction while going forward by
a distance corresponding to the wavelength.

Therefore, the second transparent body 119 shown in FIG.
6B is considered to behave similarly to the third transparent
body 122 shown in FIG. 6C inside the substance by reducing
the thicknesses of the glass layers 104 and the air layers 120
to about the wavelength, i.e., at most, twice or less the wave-
length.

Therefore, a transparent body, in which two or more sub-
stances with different refractive indexes are mixed, can be
handled as a substance with a uniform refractive index of
light, which is the intermediate value between the refractive
indexes of the mixed substances. At this time, the intermedi-
ate value of the refractive indexes is referred to as a substantial
refractive index. While the second transparent body 119 has
here the same thickness as the total thickness of the glass
layers 104 and the air layers 120, the thickness is not limited
thereto.

For example, where the glass layers 104 have a thickness
GD and the air layers 120 have a thickness of AD, the sub-
stantial refractive index na of the second transparent body 119
is approximated by the following equation (2).

na=(n1xGD+n0xAD)/(GA+A4D) 2)

In a material including two types of substances with dif-
ferent refractive indexes, the substantial refractive index of
the material is close to the refractive index of the one of the
substances whose composition ratio is higher the other. Since
the glass layers 104 usually have a refractive index of about
1.5, and the air layers 120 have a refractive index of 1, the
substantial refractive index decreases with an increase in the
thickness of the air layers. Where the sum of the thicknesses
GD and AD, which are the thicknesses of the glass layers 104
and the air layers 120, respectively, i.e., (GD+AD), is about
twice or less the wavelength, the approximation is sufficiently
valid. In addition, if both the GD and AD are smaller than or
equal to the wavelength, the accuracy of the approximation
improves. Therefore, it is more preferable that both the GD
and AD are smaller than or equal to the wavelength.

Ifthe (GD+AD) is smaller than or equal to the wavelength,
the substantial refractive index inside the substance is uni-
formly obtained as follows.

na=(n1xGD+n0xAD)/(GA+A4D)

Therefore, the material is substantially the same as a sub-
stance with a uniform refractive index na of light.

FIGS. 7A and 7B illustrate a gradient index lens 106 A
including glass layers 104 and air layers 120 utilizing the
above-described principles. FIG. 7A is a plan view of the
gradient index lens 106 A as viewed from the incident direc-
tion of light. FIG. 7B is a cross-sectional view.

As shown in FIGS. 7A and 7B, in the gradient index lens
106A, glass layers 104A, 1048, 104C, and 104D are sequen-
tially provided from the inner side. Air layers 120A, 120B,
and 12C are concentrically arranged between each pair of the
glass layers 104A, 104B, 104C, and 104D. The glass layers
104A, 104B, 104C, and 104D are also concentrically
arranged so that the gradient index lens 106 A has a cylindrical
shape.
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The thicknesses of the sidewalls of the cylindrical glass
layers 104B, 104C, and 104D gradually decrease in this order.
By contrast, the thicknesses of the sidewalls of the air layers
between respective pairs of the cylindrical glass layers 104B,
104C, and 104D gradually increase in the order of 120A,
120B, and 120C.

At this time, if the thicknesses of the glass layer 104A, etc.
and the air layer 120A, etc. are smaller than or equal to the
wavelength of light, the substantial refractive index is higher
in the center of the circular lens, and lower in the peripheral
portion. Therefore, the gradient index lens 106 A serves simi-
larly to the gradient index lens 106 shown in FIG. 5 in
response to incident light.

As a result, similar to the gradient index lens 106, trans-
mitted light is focused in the focal point 116 by controlling the
thicknesses of the glass layer 104A, etc. and the air layer
120A, etc. so that the substantial refractive index satisfies the
equation (1).

FIG. 8 illustrates example formation of the gradient index
lens 106 A formed by processing a glass. First, portions cor-
responding to the air layers 120A, 120B, and 12C of FIG. 7A
are recessed from one of principal surfaces of the glass 104 by
etching, etc. At this time, the substantial refractive index (na)
and the depth d of the recesses are determined to satisfy the
equation (1).

As such, when the gradient index lens 106 A with the plu-
rality of recesses 120A, etc. is perpendicularly irradiated with
light from the back surface, the light goes straight in the
region of the glass 104 without the recesses 104a. On the
other hand, in the region of the glass 104 with the recesses
104a, the light is refracted while being transmitted by a por-
tion corresponding to the glass portion 104 A, etc., which is
adjacent to one of the recesses 104a. Then, the light is col-
lected in the predetermined focal point 116. That is, as shown
in FIG. 8, this configuration apparently is the same as the
combination of the glass 104 and the gradient index lens 106,
which are connected in series.

Based on these basic principles, the points of the configu-
ration of the photomask according to this embodiment shown
in FIG. 1 will be described.

In the photomask 101 shown in FIG. 1, the plurality of
recesses 104a are formed in the region of the glass 104, which
is a substrate, from the opening 1025 of the light-shielding
film 102. The patterns of the recesses 104a are formed so that
the substantial refractive index gradually increases from the
frame 107 of the opening 1025 toward the center of the
opening 1025.

That is, as shown in FIGS. 1A and 1B, the photomask 101
according to this embodiment has at least two recesses 104a,
each of which has a linear pattern formed along the frame 107
of the opening 1025. Out of two recesses 104a formed in
parallel with a single glass portion interposed therebetween,
the one of the recesses 104a located farther from the frame
107, i.e., at the inner side of the opening 102a, has a smaller
thickness than the other one of the recesses 104a located
closer to the frame 107. In other words, the recess 104a closer
to the frame 107 has a greater width than the recess 104a at the
inner side.

With this configuration, in the photomask 101 according to
the first embodiment, the substantial refractive index in a
position closer to the frame 107 of the opening 1025 is lower
than the refractive index of the glass 104, i.e., closer to the
refractive index of air. In addition, the substantial refractive
index gradually increases from the frame 107 toward the
inner side of the opening 1025 to be gradually closer to the
refractive index of the glass 104.
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Thus, in exposure using the photomask 101 according to
this embodiment, light transmitted by the vicinity of the
frame 107 of the opening 1025 is refracted toward the inner
side the opening 1025 more greatly than light transmitted the
inner side of the opening 1025, thereby effectively collecting
the light.

An example has been described where the translucent sub-
strate 104 included in the photomask 101 is the single glass
104, in which the plurality of recesses 104a with a depth d are
formed. However, as shown in the cross-sectional view of
FIG. 2, the translucent substrate 104 included in the photo-
mask 101 may be the configuration, in which the high refrac-
tive film 105 having a thickness of d and a higher refractive
index than the glass 104 is formed on the principal surface of
the glass 104, and the plurality of the recesses 105a are
formed in the stacked high refractive film 105.

Inthis variation, in the layer in which the refractive index of
light is distributed, the substantial refractive index increases
to reach the refractive index of the high refractive film 105.
This collects the light more precisely in a desired focal point.

As described above, in this embodiment and the following
embodiments, the description of the recesses 104a formed in
the glass 104 includes the case where the high refractive film
105 is stacked and the recesses 105q are formed in the stacked
high refractive film 105.

Experiment

FIGS. 9-12 illustrate an experimental result of forming the
photomask 101 according to the first embodiment in accor-
dance with an exposure wavelength A of 365 nm, and per-
forming a simulation.

FIG. 9 is a bottom view of the photomask 101. Nine
recesses 104q are provided on each side of the line IXa-1Xa,
which is the center line of the opening 1025 in the longitudi-
nal direction. Note that not all the nine recesses 104a are
shown in FIG. 9. The recesses 104a are drawn as patterns,
which are line-symmetric with respect to the center of the
opening 1025, i.e., the line [Xa-IXa being the center line of
line patterns, along which light is to be collected. This collects
the light in a position facing to the line [Xa-IXa.

In FIG. 10, numbers are allotted to the nine recesses 104a
so that the number gradually increases from the one closest to
the line IXa-IXa, i.e., the innermost one, to the outermost one.
The table shows the distance between the line IXa-IXa and
the center line of each recess 104a, and the width of each
recess 104a in numerical order. Since the patterns of the
recesses 104a are line-symmetric with respect to the line
1Xa-1Xa, the values in the table represent only the patterns on
one side of the line IXa-IXa. While all the recesses 1044 have
the same depth, the patterns may have different depths.

The depth of the recesses 104a (i.e., the recessing size) is
preferably greater than half the wavelength to effectively
refract light. Furthermore, light is more reliably refracted in a
size greater the wavelength. According to the principles of a
gradient index lens, the distance between the photomask 101
and the focal point 116 decreases with an increase in the
recessing size. The sizes are indicated by values normalized
with the exposure wavelength A (=365 nm). In exposure with
light with a different exposure wavelength, the sizes may be
converted using the exposure wavelength A.

FIG. 11A illustrates a result of optical simulation using the
photomask 101 according to this embodiment. FIG. 11A
shows intensity distribution of light after being transmitted by
the line IXb-IXb of FIG. 9 in the photomask 101, when the
photomask 101 is irradiated with the light from the back
surface. It is found that the light is refracted when being
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transmitted by the opening 1025 of the photomask 101, and is
collected in a position apart from the surface of the photo-
mask 101 and facing the line [Xa-I1Xa.

FIG. 11B illustrates, as a comparison example, a result of
optical simulation where the recesses 104a are not formed in
the glass 104. It is found from FIG. 11B that light is not
collected in a position facing the line [Xa-1Xa

FIG. 12 illustrates a profile of intensity distribution of light
transmitted by the photomask 101 according to this embodi-
ment in a position apart from the photomask 101 only by 27
um and facing the line IXb-1Xb of FIG. 9. In FIG. 12, a profile
A is a light intensity profile in using the photomask 101
according to this embodiment. A profile B is a light intensity
profile in a comparison example, i.e., in using a conventional
photomask.

As described above, it is found from the simulation result
according to this embodiment that the configuration accord-
ing to this embodiment collects light transmitted by the open-
ing 1025 of the light-shielding film 102 in an extremely
narrow region of, e.g., about 1 um to form the profile A with
the light intensity distribution having a sharp peak. This
enables formation of fine patterns of 1 um by proximity
exposure lithography using the photomask 101 according to
this embodiment.

While in this simulation, the nine recesses 104a are pro-
vided along the single frame 107 on each side to collect light,
the recesses 104a may be in any number, as long as it is
sufficient to collect light.

The ratio of the width of one of the recesses 104a, which is
adjacent to the frame 107, to the width of the recess 104a
adjacent to the one of the recesses 104q at the inner side is
0.83. As shown in this example, where a plurality of recesses
104a sufficiently collecting light are arranged, one of a pair of
recesses 104a, which is closer to the frame 107, preferably
has a size 0.9 times or less the size of the other one, which is
at the inner side of the one.

Requirements for providing the advantages of the photo-
mask according to the present disclosure will be briefly
described.

The photomask according to the present disclosure is
formed by processing the glass 104 with a width of about the
exposure wavelength to form substantial refractive index dis-
tribution on the glass 104. As described above, in this embodi-
ment, the width of at least one of two adjacent recesses 104a
is preferably twice or less the exposure wavelength.

The sum of the width of at least one of two adjacent
recesses 104a and the width ofthe glass layer 104 between the
two adjacent recesses is preferably twice or less the exposure
wavelength. With this configuration, the substantial refractive
index is approximated by a simplified equation using the
width of the one of the recesses 104a and the width of the
glass 104, thereby facilitating designing of a pattern, which
effectively collects light in the focal point 116. At this time, it
is more preferable that both the width of the one of the
recesses 104qa, and the width of the glass layer 104 between
the recesses 104a are smaller than or equal to the exposure
wavelength.

When the sum of the width of each recess 104a and the
width of the glass layer 104 between the recesses 104a is
smaller than or equal to the exposure wavelength, the sub-
stantial refractive index can be accurately controlled. As a
result, a recess pattern capable of precisely collecting light in
the focal point 116 is drawn. Specifically, where each of the
recesses 104a has a pattern size (width) of T, and the average
width of the glass 104 on the both sides of the recess is G, the
substantial refractive index in the center of the recesses 104a
is precisely represented by the following equation (3). In the
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equation, n0 is the refractive index of the air layers, which are
the recesses 104a, and n1 is the refractive index of the glass
layers 104.

na=(nlxG+n0xD)/(G+T) 3

This is because the substantial refractive index in a certain
position between a pair of the recesses 104a is highly pre-
cisely expressed by almost linear compensation from the
substantial refractive index in a central position between the
adjacent pair of the recesses 104q, thereby enabling precise
designing of the focal point.

A specific example will be described. For example, in the
photomask 101 shown in FIG. 9, assume that the distance
from the line IXa-IXa, which is the center line in the longi-
tudinal direction, to the center line of each recess 104a is Tr,
the depth of each recess 104a is Td, and the substantial refrac-
tive index in the central position between the recesses 104a is
expressed by the above equation (3). Based on the equation
(1) representing the relationship between the focal point 116
of'the gradient index lens and the refractive index distribution,
if the pattern sizes of the recesses are formed to satisty the
following equation (4), the photomask 101 is equivalent to the
gradient index lens having the focal point 116. That is, the
photomask 101 can be easily formed, which precisely has the
focal point 116 at a desired distance Tt from the photomask
101. The reference character n0 represents the refractive
index of the air layers which are the recesses 104a, and nl
represents the refractive index of the glass layers 104.

#1xG+nOxD/(G+T)=n1-Trx Tvr/2/If/Td 4

In order to collect light transmitted by the opening 1025 of
the photomask 101, the one of the recesses 104a, which is
closest to the frame 107, is preferably located at a distance of
the exposure wavelength or less from the frame 107 of the
opening 1024. This reduces refraction of light transmitted by
the opening 1025 from the frame 107 outside the opening
1024. This effectively collects light transmitted by the open-
ing 1024 located at the inner side of the opening 1025. Fur-
thermore, the recesses 104a are more preferably in contact
with the frame 107.

Second Variation of First Embodiment

Next, a photomask according to a second variation of the
first embodiment will be described below with reference to
FIG. 13.

As shown in FIG. 13, in a photomask 125 according to the
second variation, the linear recesses 104a, which are in the
second and subsequent positions from the frame 107 to the
inside of the opening 1025, are replaced with recess patterns
124, each of which is formed of a group of divided isolated
patterns.

In the following description, an exposure pattern, which is
the same as that of the photomask 101 shown in FIGS. 1A and
1B, is generated from the photomask 125 shown in FIG. 13 in
response to the phenomenon of light refraction.

First, the function of the recess patterns 124 provided in the
photomask 125 according to the second variation will be
described with reference to FIG. 14.

In FIG. 14, as described above, a second pattern 141
formed by a group of isolated patterns is provided on the
light-shielding film 102. If the distance between each pair of
the isolated patterns is smaller than or equal to the exposure
wavelength, the substantial refractive index can be approxi-
mated only by the size ratio. Relative to a size L, which is
smaller than or equal to the exposure wavelength, the follow-
ing two recess patterns are regarded as having equivalent
values of light refraction.
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First pattern 140: linear recess with a width of .0/2, where
LO<L

Second pattern 141: recess formed by linearly arranging
square patterns with a width of L0 and a length of L1 at
intervals of L1, where L0, L1<L

That is, if each of the sizes of the recesses and intervals is
smaller than or equal to the exposure wavelength, the group of
recesses is not dependent on the shape of the individual recess
patterns. Therefore, only the sum of the opening areas of the
recess pattern 124 formed of the isolated patterns determines
the optical characteristics. At this time, if the patterns of the
group are periodically arranged, and each period is smaller
than or equal to the exposure wavelength, the recess drawn as
the single linear first pattern 140 exemplified by FIG. 14 is
equivalent to the recess pattern 124 drawn as a group of the
plurality of square patterns.

From the foregoing, the equation of the substantial refrac-
tive index na at a given position in the glass 104 is more
generally expressed. Specifically, the area of recesses 104a is
TS and the area of the glass portion is GS in view of the region
at a radius of about the wavelength apart from the given
position, the substantial refractive index is approximated by
the following equation (5).

na=(n1xGS+n0xIS)/(GS+IS) (5)

Therefore, as shown in FIG. 13, the configuration of this
variation reduces the area of the recess pattern 124 formed by
a group of patterns at the inner side as compared to the area of
the recesses 104a located in the opening 1025 in contact with
the frame 107. This reduces the substantial refractive index of
the glass 104 closer to the frame 107 as compared to that at the
inner side ofthe opening 1025. As a result, the photomask 125
is provided in which light is collected at the inner side of the
opening 1025.

In the photomask 101 according to the first embodiment,
the widths of the recesses 104a located at the inner side of the
opening 1025 are smaller than the recesses 104a located
closest to the frame 107 of the opening 1025. By contrast, in
this variation, there is no need to reduce the widths of the
recesses, which are next to the recesses 104a located closest
to the frame 107, to the size equal to that in the first embodi-
ment.

Specifically, in FIG. 14, as exemplified by the first pattern
140 and the second pattern 141, the second pattern 141, which
has the same function as the first pattern 140 formed with a
width of L0/2 as a linear pattern, can be formed with the width
of L0. This reduces the minimum sizes of the widths in
processing the recesses 104a provided in the photomask 101.
As a result, the photomask 125 according to this variation is
easily formed.

As described above, the photomask 125 according to this
variation provides the same advantages as the photomask 101
according to the first embodiment.

More preferable requirements for obtaining the same
advantages as the photomask 101 according to the first
embodiment will be briefly described below.

The sizes of the recess patterns 124 of FIG. 13, each of
which is formed of a group of patterns, are preferably smaller
than or equal to the exposure wavelength. In other words, the
area of each pattern forming a pattern group is preferably Axi
or less, where the exposure wavelength is A. The distance
between each pair of the patterns is preferably smaller than or
equal to the exposure wavelength. Furthermore, if the groups
of patterns are periodically arranged with a period, which is
smaller than or equal to the exposure wavelength, the photo-
mask 125 equivalent to the photomask 101 according to the
first embodiment can be provided.
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While in FIG. 13, the isolated patterns forming each pat-
tern group have rectangular planer shapes, the shape is not
limited thereto as long as they have the above-described con-
figuration.

The distance between each of the recess patterns 124,
which is a group of patterns, and the corresponding linear
recess 104a is preferably smaller than or equal to the exposure
wavelength. This is similar to the first embodiment. The width
of'the linear recesses 104a is preferably smaller than or equal
to the exposure wavelength. This is similar to the first embodi-
ment, as well.

Third Variation of First Embodiment

In the above-described second variation, the recesses 104a
closest to the frame 107, i.e., the outermost recesses 104a
have a linear shape. However, the shape is not limited thereto.
The outermost recesses 104a may be groups of patterns.

An example of this case is shown in FIG. 15 as a third
variation of the first embodiment.

As shown in FIG. 15, a pair of recess patterns 124, each of
which is a group of patterns, is provided along the frame 107
of the opening 1025. Each isolated pattern of the recess pat-
terns 124 has an area of AxA or smaller, where the exposure
wavelength is A. The distance between each pair of patterns is
also smaller than or equal to the exposure wavelength A.

In each pair of recess patterns 124, the one isolated pattern,
which is located at the inner side, has a smaller area than the
other isolated pattern, which is located closer to the frame
107.

This configuration reduces the substantial refractive index
at the frame 107 as compared to that at the inner side, thereby
providing the photomask 125 collecting light at the inner side
of the opening 10254.

In the above-described configuration, the recess pattern
124 located at the inner side has a smaller total area than the
recess pattern 124 located closer to the frame 107 of the
opening 1025. For example, the total area of the inner recess
pattern 124 is about 0.9 times or less the total area of the outer
recess pattern 124. This sufficiently collects light, similar to
the first embodiment.

As described above, with the use of the photomask 125
according to the third variation, light is substantially collected
in the opening 1025 in any shape.

Fourth Variation of First Embodiment

An example photomask 126, which collects light in an
opening 1025 in any shape not limited to a linear shape, will
be described below as a fourth variation of the first embodi-
ment with reference to FIGS. 16A and 16B.

As shown in FIGS. 16A and 16B, the photomask 126
according to the fourth variation collects light, which is trans-
mitted to the opening 1025 in any shape, while retaining the
shape of a frame 107.

Specifically, as shown in FIG. 16A, in the photomask 126
according to the fourth variation, linear recesses 104a are
provided along the frame 107 of linear portion of the opening
102b. At each corner ofthe opening 1025, a recess pattern 124
is provided, which is a group of patterns. Each of the patterns
has an area of AxA or smaller, where the wavelength size is A.
The widths or areas of the recess patterns 124 with the size of
Axh or smaller gradually decrease from the frame 107 of the
opening 1025 to the inner side of the opening 1024. That is,
out of the recess patterns 124 with the size of AxA or smaller,
the pattern at the inner side of the opening 1025 has a smaller
area than the pattern closer to the frame 107.

With this configuration, in the photomask 126 according to
the fourth variation, light is collected in the opening 1025 in
any shape, while retaining the external shape of the opening
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10254. That is, a pattern 108A having the shape of FIG. 16B
can be formed by exposure using the photomask 126 shown in
FIG. 16A.
Fifth Variation of First Embodiment

The recess patterns 124 are not necessarily provided
throughout the entire glass 104 exposed from the opening
1024, and may be provided in a position in which light is to be
collected.

For example, as shown in FIG. 17A, in a photomask 127 of
a fifth variation of the first embodiment, recesses 104a are
provided only in a part of a glass 104 exposed from the
opening 1025. With this configuration, as shown in FIG. 17B,
light is collected in the region of the glass 104 provided with
the recesses 104a, thereby forming a pattern 108B collecting
light transmitted by the opening 1025 with the recesses 104a.
On the other hand, since the region without the recesses 104a
is a normal glass 104, a pattern is transferred without collect-
ing light.

Second Embodiment

A photomask according to a second embodiment will be
described below with reference to the drawings.

The photomask according to the second embodiment is
used to form a plurality of light-collecting patterns from light
transmitted by an opening of a light-shielding film. In the
second embodiment, the same reference characters as those
shown in the first embodiment are used to represent equiva-
lent elements.

As shown in FIGS. 18A and 18B, a photomask 128 accord-
ing to the second embodiment includes a translucent substrate
104 made of, for example, glass, and a light-shielding film
102, which is formed under the translucent substrate 104, and
includes a light-shielding portion 102a and an opening 1025
serving as a translucent region.

In the photomask 128 according to the second embodi-
ment, a plurality of linear recesses 104a with difterent widths
are provided in a region of the glass 104 which is exposed
from the opening 1025. Specifically, in the surface of the glass
104 exposed from the opening 1025, linear glass portions
104E and 104F are provided in the positions corresponding to
two desired light-collecting patterns. The plurality of linear
recesses 104a with different widths are provided along the
glass portions 104E and 104F.

The widths of the recesses 104a gradually increase with an
increase in a distance from each center line of the glass
portions 104E and 104F in the longitudinal direction. That is,
due to the at least two recesses 104a provided along the two
desired patterns, the substantial refractive index gradually
decreases with an increase in the distance from each center
line of the glass portions 104E and 104F. The light, which is
transmitted by the vicinity of the recesses 1044 close to the
centers of the glass portions 104E and 104F, is little refracted
toward the center lines of the glass portions 104E and 104F.
On the other hand, the light, which is transmitted by the
vicinity of the recesses 104a apart from the centers of the
glass portions 104E and 104F, is largely refracted. The
refracted light is collected toward the center lines of the glass
portions 104E and 104F.

FIG. 19A illustrates that light is refracted and focused in
two focal points 116 when the photomask 128 is irradiated
with the light from the back surface. FIG. 19B illustrates two
linear patterns 108C obtained by exposing the photomask 128
to light.

The points of the second embodiment will be described
hereinafter with reference to the photomask 128 according to
the second embodiment shown in FIGS. 18A-19B.

In the photomask 128 shown in FIGS. 18A and 18B, the
recesses 104a forming a plurality of patterns (two patterns in
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this embodiment) are provided in the region of the glass 104
exposed from the opening 1025 of the light-shielding film
102. The recesses 104a are arranged on the both sides of the
glass portions 104E and 104F corresponding to the desired
patterns. In this embodiment, the recesses 104a, each of
which has a two or more lines, are arranged in parallel along
the glass portions 104E and 104F.

In each adjacent pair of the recesses 104a, the recesses
104a farther from the glass portion 104E has a greater width
than the recesses 1044 closer to the glass portion 104E. Simi-
larly, the recesses 104a farther from the glass portion 104F
has a greater width than the recesses 104a closer to the glass
portion 104F.

This configuration increases the substantial refractive
index at positions close to the glass portions 104E and 104F,
which correspond to the desired patterns, to the substantial
refractive index of glass. On the other hand, the substantial
refractive index at positions far from the glass portions 104E
and 104F is reduced.

Therefore, light is effectively collected in the glass portions
104E and 104F corresponding to the desired patterns in expo-
sure using the photomask 128 according to this embodiment.

In the second embodiment, it is preferable that the substan-
tial refractive index in the glass portions 104E and 104F
corresponding to the desired patterns sufficiently increases as
high as that of glass. That is, the widths of the glass portions
104E and 104F are preferably greater than or equal to the
exposure wavelength. Furthermore, the widths of the glass
portions 104E and 104F are preferably twice or more the
exposure wavelength.

In order to effectively collect light, the sum of the distance
between each pair of the recesses 104a (i.e., the width of the
glass portion) and the width of one of an adjacent pair of the
recesses 104a, which are provided in parallel along the glass
portions 104E and 104F corresponding to the desired pat-
terns, is preferably twice or less the exposure wavelength.
This is similar to the first embodiment.

If the sum of the width of one of the pair of the recesses
104a and the distance between the pair of the recesses 104a
(i.e., the width of the glass portion) is smaller than or equal to
the exposure wavelength, a recess pattern collecting light in
the focal points 116 is more precisely drawn. This is similar to
the first embodiment, as well.

As described above, with the use of the photomask 128
according to the second embodiment, a plurality of light-
collecting patterns are formed in any portion of the exposed
region of the photomask 128.

Variation of Second Embodiment

In the second embodiment, an example has been described
where the recesses 104 have a linear planar shape. Similar to
the second and third variations of the first embodiment, the
recesses 104a located on the both sides of the glass portions
104E and 104F corresponding to the desired patterns may be
replaced with recess patterns 124, each of which is a group of
isolated patterns so that the substantial refractive index gradu-
ally decrease with an increase in a distance from the glass
portions 104E and 104F. As a result, a light-collecting pattern
in any shape can be formed.

Specifically, as shown in FIGS. 20A and 20B, assume that
the recess patterns 124 with an area of AxA or smaller, where
the exposure wavelength is A, are provided at the both sides of
the glass portions 104E and 104F corresponding to the
desired patterns. The patterns are formed so that the recess
patterns 124 located closer to the glass portions 104E and
104F have a greater area than the recess pattern 124 located
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farther from the glass portions 104E and 104F. With this
configuration, two patterns 108D shown in FIG. 20B are
formed.

As described above, with the use of the photomasks 128
according to the second embodiment and the variation, a
light-collecting pattern in any shape can be formed in any
position of the exposed region of the photomask 128.

Third Embodiment

A pattern formation method according to a third embodi-
ment using a photomask according to the present disclosure
will be described below with reference to FIGS. 21A-21D. In
the pattern formation method according to this embodiment,
the photomasks according to the first embodiment and the
variations, and the second embodiment and the variation are
used.

First, as shown in FIG. 21A, for example, a film 130 to be
processed, which is a metal film, an insulating film, etc., is
formed on a wafer 129, which is a substrate to be exposed to
light.

Then, as shown in FIG. 21B, for example, a positive resist
film 131 is applied onto the film 130 to be processed to form
a film.

Next, as shown in FIG. 21C, for example, the photomask
101 according to the first embodiment shown in FIG. 1B is
irradiated with exposure light, and the resist film 131 is
exposed to light transmitted by the photomask 101. As
described above, the recesses 104a for collecting the light
transmitted by the photomask 101 are formed in the opening
1024 of the photomask 101.

In the exposure shown in FIG. 21C, the resist film 131 is
exposed to light from an exposure light source. At this time,
the exposure light transmitted by the photomask 101 is col-
lected above the substrate 129. Then, in the next step of
development, the resist film 131 is irradiated with exposure
energy sufficient to dissolve the resist film 131.

After that, as shown in FIG. 21D, the exposed resist film
131 is developed to remove an exposed latent portion 131a of
the resist film 131, thereby forming a resist pattern 131A
having a fine opening pattern 1315.

The pattern formation method according to the third
embodiment provides the same advantages as the first
embodiment. Specifically, proximity exposure is performed
on the wafer 129 applied with the resist film 131 via the
photomask 101 according to the present disclosure. At this
time, the recesses 104a provided in the opening 1025 of the
photomask 101 collect light transmitted by the photomask
101, thereby forming a pattern having the fine opening pattern
1315.

While in this embodiment, the positive resist process is
used, a negative resist process may be used to provide similar
advantages.

Fourth Embodiment

In the above-described embodiments, the exposure using
mask plates has been described, the exposure is not limited
thereto. For example, the present disclosure is also applicable
to exposure using, for example, a roller-shaped photomask.

An exposure apparatus including a roller-shaped photo-
mask 133 will be described below with reference to FIGS.
22A and 22B.

FIG. 22 A illustrates the roller-shaped photomask 133. The
roller-shaped photomask 133 has a cylindrical shape. The
inside of the cylinder is a hollow 133a. The inner side of the
sidewall of the cylinder is a translucent substrate made of, for
example, a glass 104. A light-shielding film 102 including a
light-shielding portion 102a and an opening 10254 is formed
on the surface of the outer side of the sidewall. A mask pattern
is formed in the portion of the glass 104 exposed from the
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opening 10254. The mask pattern includes the glass 104 and
the recesses 104a formed by selectively recessing the glass
104. The opening 1025 of the light-shielding film 102 and the
glass portion 104 formed with the recesses 104a have the
configurations as in any one of photomask 101, or 125-128 in
the above-described embodiments.

Next, FIG. 22B illustrates the exposure apparatus includ-
ing the roller-shaped photomask 133 and the operation of the
apparatus. FIG. 22B is a side view as seen from one end
surface of the cylindrical photomask 133. A light source 137
is provided in the hollow 133 a, which is the inside of the
cylinder.

A substrate 129 to be exposed to light is provided below the
roller-shaped photomask 133. In addition, the photomask 133
according to this embodiment is rotatable around the light
source 137. The substrate 129 is movable from side to side
(i.e., in the horizontal direction) of the drawing.

Atthis time, a mechanism for exposing the substrate 129 to
light to transfer a pattern drawn on the sidewall of the cylinder
to the substrate 129 by synchronizing the rotational speed of
the cylindrical photomask 133 with the moving speed of the
substrate 129 is also included.

In the exposure apparatus according to this embodiment,
the recesses 104a are formed in the exposed portion of the
light-shielding film 102 of the roller-shaped photomask 133,
thereby collecting light transmitted by the photomask 133 at
apredetermined distance apart from the photomask 133. As a
result, a fine pattern can be formed in a large area.

As described above, according to the present disclosure,
light transmitted by a photomask is collected at a predeter-
mined distance apart from the photomask, and a pattern is
formed in a size smaller than a limit size formed with a
conventional photomask, even in simple exposure such as
proximity exposure. A transferred image is formed in a pre-
determined focal point by utilizing the function of a recess
pattern as a lens. Therefore, a light-collecting image is formed
even in same-size projection exposure to an opening in a
small size which does not transmit light with sufficient inten-
sity in a conventional technique, thereby forming a fine pat-
tern.

With the use of the photomask according to the present
disclosure, and the pattern formation method and the expo-
sure apparatus using the photomask, a pattern can be formed
in a size smaller than a limit size, which can be formed with
a conventional photomask, even in simple exposure such as
proximity exposure. This enables microfabrication at low
costs. Since the proximity exposure and same-size projection
exposure capable of microfabrication are easily applicable to
large-area processing, the present disclosure is useful for
microfabrication etc. of not only semiconductor devices but
also large-area elements such as image panels and energy
elements for solar power generation, etc. at low costs.

What is claimed is:

1. A photomask comprising:

a translucent substrate; and

a light-shielding film formed on the substrate, and includ-
ing a light-shielding portion and an opening which
serves as a translucent region, wherein

a plurality of recesses are formed in a region of the sub-
strate, which is exposed from the opening,

widths of the plurality of recesses gradually increase with
an increase in distances from a focal point so that light
transmitted by the plurality of recesses is focused in a
predetermined position.
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2. The photomask of claim 1, wherein

the plurality of recesses are linearly patterned along two
facing sides of the opening, and

a first recess of an adjacent pair of the recesses, which is
closer to a boundary between the light-shielding portion
and the opening has a greater width than a second recess,
which is farther from the boundary.

3. The photomask of claim 2, wherein

the width of the second recess is 0.9 times or less the width
of the first recess.

4. The photomask of claim 2, wherein

the width of the first recess is twice or less an exposure
wavelength.

5. The photomask of claim 2, wherein

the width of the second recess is smaller than or equal to an
exposure wavelength.

6. The photomask of claim 2, wherein

the width of the first recess and the width of the second
recess are smaller than or equal to an exposure wave-
length.

7. The photomask of claim 2, wherein

a distance between the first and the second recesses is
smaller than or equal to an exposure wavelength.

8. The photomask of claim 2, wherein

a sum of a distance between the first and the second
recesses and the width of the second recess is smaller
than or equal to an exposure wavelength.

9. The photomask of claim 2, wherein

a distance between the first recess and the boundary is
smaller than or equal to an exposure wavelength.

10. The photomask of claim 2, wherein

the first recess is in contact with the boundary.

11. The photomask of claim 1, wherein

afirstrecess of the plurality of recesses is linearly patterned
along two facing sides of the opening,

each of second recesses of the plurality of recesses is
formed of a group of patterns, each of which has an area
of AxA or less, where A is an exposure wavelength,

the first recess is located closer to a boundary between the
light-shielding portion and the opening, and

the second recesses are located farther from the boundary
with the first recess interposed therebetween.

12. The photomask of claim 11, wherein

a distance between each adjacent pair of the second
recesses is smaller than or equal to an exposure wave-
length.

13. The photomask of claim 11, wherein

a distance between an adjacent pair of the first and second
recesses is smaller than or equal to an exposure wave-
length.

14. The photomask of claim 11, wherein

a distance between the first recess and the boundary is
smaller than or equal to an exposure wavelength.

15. The photomask of claim 1, wherein

each of the plurality of recesses is formed of a group of
patterns, each of which has an area of AxA or less, where
A is an exposure wavelength,
a first recess of the plurality of recesses has a greater total
area than a second recess of the plurality of recesses,
the first recess is located closer to a boundary between the
light-shielding portion and the opening, and

the second recess is located farther from the boundary with
the first recess interposed therebetween.

16. The photomask of claim 15, wherein

a distance between an adjacent pair of the first and second
recesses is smaller than or equal to an exposure wave-
length.
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17. A photomask comprising:

a translucent substrate; and

a light-shielding film formed on the substrate, and includ-
ing a light-shielding portion and an opening which
serves as a translucent region, wherein

a plurality of recesses are formed in a region of the sub-
strate, which is exposed from the opening,

widths of first recesses of the plurality of recesses gradu-
ally increase with an increase in distances from a first
focal point so that light transmitted by the first recesses
is focused in a predetermined position, and

widths of second recesses of the plurality of recesses
gradually increase with an increase in distances from a
second focal point, which is different from the first focal
point, so that light transmitted by the second recesses is
focused in another predetermined position.

18. The photomask of claim 17, wherein

the plurality of recesses are linearly patterned along two
facing sides of the opening,

one of an adjacent pair of the first recesses, which is closer
to a boundary between the light-shielding portion and
the opening, has a greater width than the other one,
which is farther from the boundary, and

one of an adjacent pair of the second recesses, which is
closer to the boundary, has a greater width than the other
one, which is farther from the boundary.

19. The photomask of claim 17, wherein

each of the plurality of recesses is formed of a group of
patterns, each of which has an area of Ax} or less, where
A 1s an exposure wavelength,

one of an adjacent pair of the first recesses, which is closer
to a boundary between the light-shielding portion and
the opening, has a greater total area than the other one,
which is farther from the boundary, and

one of an adjacent pair of the second recesses, which is
closer to the boundary, has a greater total area than the
other one, which is farther from the boundary.

20. The photomask of claim 1, wherein

depths of the recesses are greater than half an exposure
wavelength.
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21. A pattern formation method using the photomask of
claim 1, the method comprising:

forming a resist film on a substrate to be exposed to light;

irradiating the resist film with exposure light via the pho-

tomask; and

forming a resist pattern by developing the resist film irra-

diated with the exposure light.

22. An exposure apparatus using the photomask of claim 1,
the photomask being a cylindrical mask substrate, in which a
hollow having a light source of exposure light inside is pro-
vided, the apparatus comprising:

a rotation mechanism configured to rotate the photomask;

and
a transfer mechanism configured to transfer a substrate to
be exposed to light relative to the photomask, wherein

the substrate to be exposed to light is exposed, while the
rotation mechanism rotates the photomask, and the
transfer mechanism transfers the substrate to be exposed
to light.

23. The photomask of claim 17, wherein

depths of the recesses are greater than half an exposure

wavelength.

24. A pattern formation method using the photomask of
claim 17, the method comprising:

forming a resist film on a substrate to be exposed to light;

irradiating the resist film with exposure light via the pho-

tomask; and

forming a resist pattern by developing the resist film irra-

diated with the exposure light.

25. An exposure apparatus using the photomask of claim
17, the photomask being a cylindrical mask substrate, in
which a hollow having a light source of exposure light inside
is provided, the apparatus comprising:

a rotation mechanism configured to rotate the photomask;

and
a transfer mechanism configured to transfer a substrate to
be exposed to light relative to the photomask, wherein

the substrate to be exposed to light is exposed, while the
rotation mechanism rotates the photomask, and the
transfer mechanism transfers the substrate to be exposed
to light.



